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HIGH TEMPERATURE OXIDATION INHIBITORS 
FOR CARBON-CARBON FRICTION MATERIALS 

FIELD OF THE INVENTION 
IOO011 This invention relates to a novel coating system for effecting 
5 a wide spectrum of oxidation resistance in carbon-carbon composites and 
other graphitic materials and to methods for the preparation of the 
oxidatively protected composites. This invention is particularly beneficial 
in the field of aircraft braking systems. 

BACKGROUND OF THE INVENTION 
10 10002] Carbon fiber or C-C composites which are useful for instance 
in airplane braking systems are subject to oxidation and resultant weight 
loss (that is, loss of mass). Oxidative weight loss of such carbon 
composites is generally retarded by coating articles made of the carbon 
composites with an antioxidant coating. 

15 [0003J U.S. patent application Serial No. 09/518,013 (Golecki), filed 
3 March 2000, relates to carbon fiber or C-C composites that are useful 
in a variety of applications. Golecki teaches methods of protecting such 
composites against oxidation by coating them with fluidized-glass type 
mixtures. The fluidized-glass mixtures are maintained as liquid precursors 

20 and are applied to components formed of carbon fiber or C-C composites. 
Once coated with the precursors, the coated C-C components are heat- 
treated or annealed for one or more cycles through a series of gradual 
heating and cooling steps. This creates glass coatings having thicknesses 
of about 1-10 mils. The thicknesses of the glass coatings may be varied 

25 by varying the composition of the fluidized glass precursor mixtures, the 
number of application cycles, and/or the annealing parameters. 

10004] The Golecki application teaches that the fluidized glass 
materials may comprise such materials as borate glasses (boron oxides), 
phosphate glasses (phosphorus oxides), silicate glasses (silicon oxides), 
30 and plumbate glasses (lead oxides). These glasses may include 
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phosphates of manganese, nickel, vanadium, aluminum, and zinc, and/or 
alkaline and alkaline earth metals such as lithium, sodium, potassium, 
rubidium, magnesium, and calcium and their oxides, and elemental boron 
and/or boron compounds such as BN, B 4 C, B 2 0 3 , and H 3 B0 3 . By way of 
5 example, Golecki discloses a boron-containing liquid fluidized glass 

precursor mixture that includes 29 weight-% phosphoric acid, 2 weight-% 
manganese phosphate, 3 weight-% potassium hydroxide, 1 weight-% 
boron nitride, 10 weight-% boron, and 55 weight-% water. 

[0005] The composites coated with boron-containing fluidized-glass 
10 type mixtures of Golecki - that is, coated articles comprising 

components made of carbon fibers or carbon-carbon composites annealed 
at very high temperatures, each component being covered by a glass 
coating of approximately 1-10 mil - are protected against uncatalyzed 
oxidation when the article is subjected to temperatures of 800°C 
15 (1472°F) or gre ater, for instance at 1600°F (871 °C). However, 
certain composites do not show good resistance to some types of 
catalytic oxidation. In particular, for instance, certain boron-containing 
glass-coated composites have been found to be subject to significant 
oxidative weight loss after exposure to airport runway de-icer (potassium 
20 acetate). 

[0006] U.S. patent application Serial No. 09/504,414 (Walker and 
Booker), filed 18 February 2000, likewise relates to carbon-carbon 
composites and graphitic materials. The Walker and Booker application 
has as objectives the protection of carbon/carbon composites or graphites 
25 at elevated temperatures up to and exceeding 850°C (1 562°F) and the 
reduction of catalytic oxidation at normal operating temperatures. 

[0007] Walker and Booker achieve these objectives by employing a 
penetrant salt solution which contains ions formed from 10-80 wt% H 2 0, 
20-70 wt% H 3 P0 4 , 0.1-25 wt% alkali metal mono-, di-, or tri-basic 
30 phosphate, and up to 2 wt% B 2 0 3 . Their penetrant salt solutions also 
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jnclude at least one of MnHP0 4 L6H 2 0, AIPO4, and Zn 3 (P0 4 ) 2 , in weight- 
percentages up to 25 wt%, 30 wt%, and 10 wt%, respectively. 

[00081 While the Golecki coatings and the Walker and Booker 
coatings do provide significant antioxidant protection for carbon 
5 composites, there remains a need for antioxidant coating systems that 
provide a high level of oxidation protection simultaneously in both high 
temperature and catalyzed oxidation conditions. 

SUMMARY OF THE INVENTION 
10009] The present invention provides coated articles that comprise 
10 components, made of carbon fiber or carbon-carbon composites which are 
annealed at temperatures in the range of 1600-2600°C (29 1 2-471 2°F). 
These articles may be configured, for example, as aircraft landing system 
brake discs. 

10010] In accordance with this invention, the component is covered 
15 by an undercoating comprising ions formed from 10-80 wt% H 2 0, 20-70 
wt% H 3 P0 4 , 0.1-25 wt% alkali metal mono-, di-, or tri-basic phosphate, 
0-2 wt% B 2 0 3 , and 0-25 wt% MnHP0 4 - 1 ,6H 2 0, 0-30 wt% AIPO4, and 0- 
10 wt% Zn 3 (P0 4 ) 2/ provided that at least one of AIPO4, MnHP0 4 -1 .6H 2 0, 
and Zn 3 (P0 4 ) 2 is present. The undercoating preferably comprises ions 
20 formed from 20-50 wt% H 2 0, 30-55 wt% H 3 P0 4 , 0-1 5 wt% 

MnHP0 4 L6H 2 0, 2-15 wt% AIPO4, 0.5-2 wt% B 2 0 3 , 1-7 wt% Zn 3 (P0 4 ) 2 , 
and 1 0-20 wt% KH 2 P0 4 . This undercoating generally has a thickness of 
approximately 1-10 mil, and is annealed to the carbon composite at a 
temperature in the range of 250-900°C (48 2-1652°F). 

25 [001 1] In further accordance with the present invention, this 

phosphorus-containing undercoating is covered by a boron-containing 
glass overcoating of approximately 1-10 mil in thickness, which is 
annealed to the undercoating at a temperature in the range of 250- 
650°C (4 82-1202°F). The formulation used to make the boron- 

30 containing glass overcoating also preferably contains phosphoric acid. It 
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is particularly preferred that the boron-containing glass overcoating 
contains boron nitride and also contains boron carbide and/or elemental 
boron. 

[0012] The resultant coated article, e.g., an aircraft brake disc, is 
5 protected against catalytic oxidation, even when the article is subjected to 
temperatures of 800°C (147 2°F) or higher. 

[0013] The present invention also contemplates a method of 
protecting a component made of carbon fiber or carbon-carbon composite 
simultaneously against catalytic oxidation (e.g., catalyzed by CH 3 COOK) 

0 and high temperature non-catalytic oxidation, which method comprises 
the steps of covering said composite with an undercoating comprising 
ions formed from 10-80 wt% H 2 0, 20-70 wt% H 3 P0 4 , 0.1-25 wt% alkali 
metal mono-, di-, or tri-basic phosphate, 0-2 wt% B 2 0 3 , and 0-25 wt% 
MnHP0 4 -1.6H 2 0, 0-30 wt% AIP0 4 , and 0-10 wt% Zn 3 (P0 4 ) 2 , provided 

5 that at least one of AIPO4, MnHP0 4 -1 .6H 2 0, and Zn 3 (P0 4 ) 2 is present, said 
undercoating having a thickness of approximately 1-10 mil, and 
subsequently covering the undercoating with a boron-containing glass 
overcoating having a thickness of approximately 1-10 mil. 

BRIEF DESCRIPTION OF THE DRAWING 
0 [0014] Figure 1 is a schematic view of a carbon fiber or C-C 

substrate having a coating system formed in accordance with the present 
invention. 

DETAILED DESCRIPTION OF THE INVENTION 
[001 5] The present invention is embodied by a carbon fiber or C-C 

5 composite component that is coated with a two-layer anti-oxidant 

system. For a better understanding of this invention, attention is directed 
to Figure 1 , wherein a coated carbon fiber or C-C article component is 
generally illustrated at 19. A component 10 is covered by a protective 
undercoating 1 1 (phosphorus-containing glass) and the undercoating 1 1 is 

0 covered by a protective overcoating 12 (boron-containing glass). 
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Component 10 

[001 6] Before the first fluidized glass formulation is applied to the C- 
C composite component, the component may be fabricated into almost 
5 any desired shape. The present invention is particular valuable with the 
C-C composite component is an aircraft landing system brake disc. 

[0017] Carbon-carbon composites are generally prepared from 
carbon preforms. Carbon preforms are made of carbon fibers, formed for 
instance of pre-oxidized polyacrylonitrile (PAN) resins. These fibers can 

10 be layered together to form shapes, such as friction brake discs, which 
shapes are then heated and infiltrated with methane or another 
pyrolyzable carbon source to form the C-C composite preforms. Carbon- 
carbon composites useful in accordance with the present invention 
typically have densities in the range of from about 1 .6 g/cm 3 through 1 .9 

15 g/cm 3 . Methods of manufacturing C-C composites are generally well 
known to those skilled in the art. A good reference in this area is: 
Buckley et aL, Carbon-Carbon Materials and Composites, Noyes 
Publications, 1993. The entire contents of this publication are hereby 
expressly incorporated by reference. 

20 [0018] For purposes of illustration only, the C-C composite 

component 10 may be fabricated from woven fabric panes of pitch-based 
Amoco P30X carbon fiber tows in a harness satin weave or from a pitch- 
based Nippon XNC25 in a plain weave. The tows are rigidized with a few 
weight-% carbon-containing resin, such as epoxy Novolac. The material 

25 is then carbonized at a temperature in the range of 800-1 000°C (1472- 
1 832°F) and densifie d by carbon CVD. The resulting materials is then 
annealed in an inert gas at a temperature in the range of 1 600-2600°C 
(291 2-471 2°F). This process creates a C-C composite component that 
is adaptable for use in high temperature environments when it is properly 

30 protected against oxidation. It is understood that the oxidation protective 



BNSOOCID: <WO 200401 8384A1 J_> 



^0^004/018384 



PCT/US2003/025777 



- 6 - 

coating system of the present invention is applicable to C-C composite 
components regardless of how the C-C composite components are 
fabricated. 

Undercoating 1 1 

5 [001 9] The C-C component 10 is immersed or dipped in a liquid bath 
precursor of fluidized glass for several minutes. Preferred precursors for 
use in applying the undercoating layer in accordance with the present 
invention are phosphoric acid-based penetrant salt solutions, which are 
described in detail in U.S. patent application Serial No. 09/504,414, filed 

10 18 February 2000, the entire disclosure of which is hereby expressly 

incorporated by reference. A typical penetrant salt solution that can be 
used to form the undercoating herein contains ions formed from 1 0-80 
wt% H 2 0 f 20-70 wt% H 3 PO A , 0,1-25 wt% alkali metal mono-, di-, or tri- 
basic phosphate, and optionally up to 2 wt% B 2 0 3 . The typical penetrant 

15 salt solution will also include at least one of MnHP0 4 -1 .6H 2 0, AIP0 4 , and 
Zn 3 (POJ 2 , in weight-percentages up to 25 wt%, 30 wt%, and 10 wt%, 
respectively. 

[0020] In accordance with this invention, the surface of the carbon- 

carbon composite or graphitic material is treated with the penetrant 
20 solution by painting, dipping, or other conventional application techniques. 
Subsequently the surface-treated material is cured at a temperature in the 
range of 250-900°C (482-1 652°F). Typicall y, the surface is treated 
with one to three coats of the penetrant solution, and the curing step is 
generally accomplished in one to six hours. 

25 [0021] The fluidized glass liquid precursor as described above is 

maintained at a temperature in the range of approximately 20-90°C (68- 
1 94°F). Component 10 may be r otated relative to the liquid precursor to 
improve the wetting characteristics and uniformity of the coating. After 
the immersion step is complete, the glass-coated component 10 is 

30 removed and annealed or heat-treated in a non-oxidizing environment. 



8NSDOCID: <WO 20040 1B384A1 J_> 



Wo^004/018384 



PCT/US2003/025777 



- 7 - 

The annealing step may be carried out with a relatively slow ramp-up and 
possible slow ramp-down of the heating and cooling rates, respectively. 
For instance, the ramp-up rate may be on the order of 1-2 C° (1 .8- 
3.6°F) per minute. Th e temperature time cycle of the annealing process 
5 may vary. For instance, the heat treatment may include a gradual ramp 
up in temperature to about 250-350°C (482-66 2°F) at the aforesaid 
rate, which may then be followed by a soak wherein the temperature is 
maintained in the range of 250-350°C (4 82-662°F) for approximate! y 
1-10 hours. Upon completion of this extended heating step the 
10 temperature may be further increased, at the aforesaid rate, until reaching 
a range of 550-650°C (10 22-1202°F), at which point the temperature 
is maintained in that range for approximately 1-10 hours. After 
completion of this second prolonged heat treatment, the component may 
be gradually cooled at a ramp-down rate on the order of 1-2 C° (1 .8- 
15 3.6°F) per minute until r eaching ambient temperature. 

[0022] These annealing procedures may make use of a flowing inert 
gas, such as nitrogen or argon. Alternatively, component 10 may be 
located in a vacuum chamber. In either case, upon completion of these 
annealing steps, the fluidized phosphorus-containing glass coating is 
20 converted to a solid glass coating 1 1 completely enveloping C-C 
component 10. 

Overcoating 12 

[0023] The composite component 1 0 bearing the undercoating 1 1 is 
immersed or bathed in a fluidized boron-containing glass precursor. The 

25 overcoating 1 2 may comprise ions formed from 20-60 wt% H 2 0, 25-50 

wt% H 3 P0 4 , 2-20 wt% alkali metal hydroxide, 1-10 wt% alkali or alkaline 
earth metal mono-, di-, ortri-basic phosphate, 1-10 wt% boron nitride, 
and one or both of 1-10 wt% elemental boron and/or 1-10 wt% boron 
carbide. These components and their relative amounts are illustrative and 

30 not limiting. A more complete disclosure of boron-containing glass 
precursors useful as the overcoating in accordance with the present 
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invention may be found in U.S. patent application Serial No. 09/518,013, 
filed 3 March 2000, the entire disclosure of which is hereby expressly 
incorporated by reference. 

[0024] The following Table shows various typical embodiments of 
5 specific overcoating formulations that can be used in accordance with the 
present invention (with weights given in grams). 





B4 


B5 


B6 


B7 


Phosphoric acid 


188.6 


188.6 


188.6 


188.6 


Potassium hydroxide 


18 


18 


18 


18 


Manganese phosphate 


14.1 


14.1 


14.1 


14.1 


BN (boron nitride) 


9.2 


9.2 


9.2 


9.2 


B (boron, elemental) 


67.3 


101 


33.6 


0 


B 4 C (boron carbide) 


0 


0 


43.0 


86.0 


Water 


200 


200 


200 


200 



15 100251 Such overcoating formulations for use in this invention can 
be prepared, for instance, by: premixing the phosphoric acid with 1 28 
grams of water, premixing the potassium hydroxide with 72 grams of 
water, combining these two aqueous mixtures, adding the manganese 
phosphate, and finally adding the boron and/or boron compounds. 

2 0 [0026] The C-C component 10 is immersed or dipped in a liquid bath 
precursor of fluidized boron-containing glass for several minutes. The 
liquid precursor is maintained at a temperature in the range of 
approximately 20-90°C (68-19 4°F). The compon ent 10 may be rotated 
relative to the liquid precursor to improve the wetting characteristics and 

25 uniformity of the coating. After the immersion step is complete, the 

glass-coated component 1 0 is removed and annealed or heat-treated in a 
non-oxidizing environment. The annealing step may be carried out with a 
relatively slow ramp-up and possible slow ramp-down of the heating and 
cooling rates, respectively. For instance, the ramp-up rate may be on the 
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order of 1-2 C° (1 .8-3. 6F°) per minute . The temperature time cycle of 
the annealing process may vary. For instance, the heat treatment may 
include a gradual ramp up in temperature to about 250-350°C (482- 
662°F) at the af oresa id rate, which may then be followed by a soak 
5 wherein the temperature is maintained in the range of 250-350°C (48 2- 
662°F) for approximately 1-10 hours. Upon completion of this extended 
heating step the temperature may be furthjer increased, at the aforesaid 
rate, until reaching a range of 550-650°C (1022-12 02°F), at which 
point the temperature is maintained in that range for approximately 1-10 
10 hours. After completion of this second prolonged heat. treatment, the 

component may be gradually cooled at a ramp-down rate on the order of 
1-2 C° (1 .8-3. 6F°) per minute until re aching ambient temperature. 

10027] These annealing procedures may make use of a flowing inert 
gas, such as nitrogen or argon. Alternatively, component 10 may be 

15 located in a vacuum chamber. In either case, upon completion of these 
annealing steps, the fluidized boron-containing glass coating is converted 
to a solid glass coating 1 2 completely enveloping and forming - with 
solid glass coating 1 1 - a prote ctive barrier against undesirable catalytic 
and non-catalytic oxidation of C-C component 1 0. In other words, at this 

20 stage, the composite component 10 is permanently enveloped within a 
fluidized glass protective coating system (11, 12). The coating system 
(11, 12) comprises glass materials that are capable of at least some 
flowing with at least partial sealing of any pre-existing cracks that may 
be present in the C-C component. 

25 Variability 

[0028] The properties of the glass materials 1 1 and 1 2 may be 

tailored to the temperature range over which and/or oxidation catalysts to 
which coating system (11, 1 2) is designed to protect the composite 
component 10 from destructive oxidation. Likewise, the thicknesses of 
30 and numbers of glass coatings applied to component 10 will depend on 
the method of applying the coating and the intended use for the coated 
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10 



15 



20 



article 1 9. If the coated article will be subjected to sustained or repeated 
very high temperatures, a number of separate sub-layers may be applied 
to make up undercoating 1 1 and/or overcoating 12. This antioxidant 
coating system may be used on a wide variety of carbon fiber or carbon- 
carbon composite articles, including but not limited to aircraft landing 
system brake discs. 

Properties 

[0029] The following Table elucidates unexpected properties shown 
by the presently claimed coated articles. In the Table, (C-OP-13K was a 
composite with a phosphorus-containing coating, (C-QB5 was a 
composite with a boron-containing coating, (C-QB5/P-1 3K was a 
composite having a boron-containing undercoating and a phosphorus- 
containing overcoating, and (C-C)P-1 3K/B5 was a composite having a 
phosphorus-containing undercoating and a boron-containing overcoating. 

[0030] To determine weight loss on oxidation, coated C-C 
specimens were weighed and their dimensions were measured prior to 
being subjected to a flowing stream of dry air in an alumina tube while 
heated in a furnace having a uniform hot zone sufficiently large to 
encompass the components. The dry flowing air was maintained at 
temperatures of 871°C (160 0°F) to test for uncat alyzed oxidation and 
649°C (1 200°F) to test for cat alyzed oxidation. The results are 
reported in the Table. 



(C-OP-13K 



Uncatalyzed Oxidation 9 



De-icer Catalyzed Oxidation 6 
(potassium acetate) 



14.5% weight loss 



0.6% weight loss 



(C-QB5 



1 % weight gain 



82% weight loss 



(C-C)B5/P-13K 



49.5% weight loss 



(C-OP-13K/B5 



0.3% weight loss 



a. oxidation for 5 hours at 871 °C (1600 °F) 

b. oxidation for 24 hours at 649°C (1200 °F) 
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[0031 J As can be seen from the results present in the above Table, 
the P-13K coating provides good protection against catalyzed oxidative 
weight loss but not against uncatalyzed oxidative weight loss and the B5 
coating provides good protection against uncatalyzed oxidative weight 
5 loss but not against catalyzed oxidative weight loss. Also, a composite 
having a boron-containing undercoating and a P-13K overcoating is not 
protected against catalyzed oxidative weight loss. Surprisingly, however, 
a composite having a P-13K i/rtcfeAcoating and a boron-containing 
overcoating is well protected against oxidative weight loss. 
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What is claimed is: 

1 . A coated article (19) comprising a component made of 
carbon fiber or carbon-carbon composite (10) annealed at a temperature 
in the range of 1600-2600°C (2 912-4712° F), component (10) being 
covered by a phosphorus-containing undercoating (11) comprising ions 
formed from 10-80 wt% H 2 0, 20-70 wt% H 3 P0 4/ 0.1-25 wt% alkali 
metal mono-, di-, or tri-basic phosphate, 0-2 wt% B 2 0 3 , and 0-25 wt% 
MnHP0 4 -1.6H 2 0, 0-30 wt% AIPO4, and 0-10 wt% Zn 3 (P0 4 ) 2 , provided 
that at least one of AIPO4, MnHP0 4 -1 .6H 2 0, and Zn 3 (P0 4 ) 2 is present, 
undercoating (1 1) having a thickness of approximately 1-10 mil, 
undercoating (11) being covered by a boron-containing glass overcoating 
(12) of approximately 1-10 mil in thickness, wherein coated article (19) is 
protected against catalytic oxidation when it is subjected to temperatures 
of 800°C (14 72°F) or great er. 

2. The coated article of claim 1 , configured as an aircraft 
landing system brake disc. 

3. The coated article of claim 1 , wherein the phosphorus- 
containing undercoating (11) comprises ions formed from 20-50 wt% 
H 2 0, 30-55 wt% H 3 P0 4 , 0-15 wt% MnHP0 4 -1 .6H 2 0, 2-15 wt% AIPO4, 
0.5-2 wt% B 2 0 3 , 1-7 wt% Zn 3 (P0 4 ) 2 , and 10-20 wt% KH 2 P0 4 . 

4. The coated article of claim 1 , wherein the boron-containing 
glass overcoating (12) comprises boron nitride and also comprises boron 
carbide and/or elemental boron. 

5. The coated article of claim 4, wherein the formulation used 
to make boron-containing glass overcoating (12) comprises ions formed 
from 20-60 wt% H 2 0, 25-50 wt% H 3 P0 4 , 2-20 wt% alkali metal 
hydroxide, 1-10 wt% alkali or alkaline earth metal mono-, di-, or tri-basic 
phosphate, 1-10 wt% boron nitride, and one or both of 1-10 wt% 
elemental boron and/or 1-10 wt% boron carbide. 
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6 The article of claim 1, wherein undercoating (11) is annealed 
to carbon composite (10) at a temperature in the range of 250-900°C 
(482-1 652°F). 

7. The article of claim 1, wherein glass overcoating (12) is 
5 annealed to undercoating (1 1 ) at a temperature in the range of 250- 

650°C (4 82-1202°F). 

8. A method of protecting a component (10) made of carbon 
fiber or carbon-carbon composite simultaneously against catalytic 
oxidation and high temperature non-catalytic oxidation, which method 

10 comprises the steps of covering said composite with an undercoating (11) 
comprising ions formed from 10-80 wt% H 2 0, 20-70 wt% H 3 P0 4 , 0.1-25 
wt% alkali metal mono-, di-, or tri-basic phosphate, 0-2 wt% B 2 0 3 , and 0- 
25 wt% MnHP0 4 -1.6H 2 O, 0-30 wt% AIPO4, and 0-10 wt% Zn 3 (P0 4 ) 2 . 
provided that at least one of AIP0 4 , MnHP0 4 -1 .6H 2 0, and Zn 3 (P0 4 ) 2 is 

15 present, said undercoating (1 1) having a thickness of approximately 1-10 
mil, and subsequently covering the undercoating (11) with a boron- 
containing glass overcoating (12) having a thickness of approximately 1- 
10 mil. 

9. The method of claim 8, wherein the catalytic oxidation is 
20 oxidation that is catalyzed by potassium acetate. 
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